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Introduction
S-type negative differential resistance (NDR) describes that an increase in current results in a reduction of voltage. Devices based on S-type NDR have been widely used in electronic circuits [1] including oscillators and amplifiers. In additional to the applications in existing technologies, S-type NDR also shows promising applications in emerging technologies. For instance, selector based on Stype NDR can limit the leakage current in memristor cross-bar arrays due to highly non-linear I-V characteristics [2] [3] [4] . S-type NDR generated neuron spikes allow for realization of neuromorphic electronic circuits [5, 6] . Most of reported S-type NDR result from distinct properties of materials, such as electronic instabilities [7, 8] , interband tunneling [9, 10] , threshold switching [11] [12] [13] , insulator-metal transitions in metal oxides [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . However, these mechanisms cannot be shared by most materials, restricting their wider applications. On the other hand, a recently proposed thermal feedback mechanism [4, 26, 27] , in which only temperature dependence of material conductivity and Joule selfheating effect at large currents are involved, is a very promising approach for generating stable Stype NDR in most materials. Unfortunately, its experimental observation has been limited to the NbOx system so far [4, 26] . Therefore, it is quite desirable to expand the material matrix hosting the stable Stype NDR based on this new and simple mechanism. Here, we report the first experimentally identification of the family of semiconducting transition-metal dichalcogenides (TMDs) that can host the bipolar S-type NDR in a simple sandwich structure (electrode/TMD/electrode) device at room temperature. The observed NDR can be well described by the thermal feedback mechanism. Utilizing the semiconducting TMD-based NDR devices and several basic circuit elements, we develop a signal processing circuit capable of amplifying and reversing as well as multiplying AC signals, and a neuron circuit generating self-oscillation and neuron spikes.
Results and Discussions
The structure of the NDR devices is highly symmetric. We first deposited Au bottom electrodes Previous works have shown that the NDR in the metal/insulator/metal vertical structures can be attributed to the high current induced metal-insulator transition (MIT) of the insulator layers [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
For this mechanism, NDR does not occur when the ambient temperature is higher than the transition temperature. However, the NDR in the Au/MoS2/Au devices only disappears at the temperature of above 205 o C (symbols in Figure. 2), which is insufficiently high to induce phase change in MoS2.
Besides, the MIT-based mechanism usually gives rise to a significant hysteresis in the I-V curve, which is completely different from our experimental results. The NDR observed in our devices can be attributed to the thermal feedback mechanism caused by the self-Joule heating effect. As the current flowing through semiconducting TMD layer increases, the resulting Joule heating rises the temperature of the TMD layer. As a result, the resistance of TMD layer is reduced, which produces further increases in temperature of TMD layer. At a critical current, this positive feedback effect gives rise to the NDR.
Here, we assume that the temperature T of the device is uniform and its variation with time can be described by [4] 
where 0 is the ambient temperature, Cth and Rth is the effective thermal capacitance and resistance of the device, respectively.
We assume that the thermal resistance Rth slowly varies with the temperature T at the static limit.
The temperature can be written as = 0 + ℎ . For 2H phase TMDs, previous work [28] has
shown that the conduction mechanism follows a thermal activation process (i.e. ∝ ) along the direction perpendicular to the TMDs plane, indicating the dominant role of polaron conduction.
Besides, the temperature dependence of carrier mobility [28] in the TMD along the same direction is determined as μ ∝ − . Considering these results, the electric resistance R along the direction perpendicular to the TMDs plane can be written as a function of temperature [29] = , where is a constant factor, is the Boltzmann's constant, E is the corresponding activation energy.
According to Ohm's law,
The I-V curves at various ambient temperatures is in good agreement with the simulations results (see solid lines in Figure. 2) based on Eq. (2), with the fitting parameters as determined: = 0.055, ℎ = 1.7 × 10 4 K/W, = 0.4 eV, = 1.5. The fitted thermal activation energy and the exponent are consistent with previous experiment [28] . It has been pointed that exponent n can be used to distinguish the adiabatic and non-adiabatic behavior of the polaron. = 1.5 is an indication that conduction of small polaron is the dominant mechanism along the direction perpendicular to the TMDs plane. This is similar to that in the transition metal oxides TiO2 [30] . Note that we don't consider the effect of temperature on Rth in the Eq. (2). Previous work has indicated that the temperature has a profound impact on Rth at low temperature than high temperature region [31] . This could explain the slight difference between simulation and experimental results at lower temperature shown in Figure. 
Besides, thickness variance of TMDs may affect the occurrence of NDR, as Rth not only depends
on the temperature but also the thickness. For a given temperature, the occurrence of NDR in the TMDs with different thickness requires different sets of current and voltage. Furthermore, we note that the onset of NDR under a given ambient temperature occurs at different voltages and currents for all TMDs used in this work. The can be interpreted by experimental fact that distinct TMDs have different Rth at the same ambient temperature [31] . These differences in sets of voltages and currents for onset of NDR may be eliminated by choosing different thickness of TMDs and/or ambient temperature. Therefore, the technological usefulness of the onset of NDR in the different TMDs may not be affected in the practical applications, such as signal processing and neuromorphic computing.
As mentioned above, NDR device is able to amplify and reverse the AC signals. When a NDR device is connected in series with a resistor, the AC voltage across the NDR device (v) is given by
where V is the AC input voltage, and is the differential resistance of the NDR device and the resistor, respectively. When . We then connected a diode (D, 1N4007) and two resistors (R1 and R2) to the output of the self-oscillating circuit in series. The diode could rectify the AC signal and generate refractory periods (plateau between peaks in Figure. 4(c)), indicating the circuit shown in Figure. 4(a) could be used to simulate the neuron spikes in nervous system ( Figure. 4(c) ).
Conclusion
In summary, we realize the first experimental identification of the family of the semiconducting transition metal dichalcogenides hosting the S-type NDR based on the vertical structure of electrode/TMD/electrode. Combining experimental results and theoretical simulations, we attribute the NDR phenomenon to the thermal feedback conduction mechanism induced by the Joule selfheating effect. Furthermore, we demonstrate that semiconducting TMD materials show promising applications in signal processing and generation of neuron spikes for neuromorphic computing based on the S-type NDR. Our results greatly expand the materials matrix for realizing S-type NDR devices and pave the way for the development of neuromorphic electronics.
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